Alkanes are widespread pollutants found in soil, freshwater and marine environments. Marinobacter hydrocarbonoclasticus (Mh) strain SP17 is a marine bacterium able to use many hydrophobic organic compounds, including alkanes, through the production of biofilms that allow their poor solubility to be overcome. This study pointed out that temperature is an environmental factor that strongly affects the biofilm formation and morphology of Mh on the model alkanes, hexadecane and paraffin. We showed that Mh biofilm formation and accumulation of intracytoplasmic inclusions are higher on solid alkanes (hexadecane at 10 C and paraffin at 10 C and 30 C) than on liquid alkane (hexadecane at 30 C) or soluble substrate (lactate at both temperatures). We also found that Mh produces more extracellular polymeric substances at 30 C than at 10 C on alkanes and none on lactate. We observed that bacterial length is significantly higher at 10 C than at 30 C on lactate and hexadecane. On paraffin, at 30 C, the cell morphology is markedly altered by large rounded or irregularly shaped cytoplasmic inclusions. Altogether, the results showed that Mh is able to adapt and use alkanes as a carbon source, even at low temperature.
INTRODUCTION
Alkanes are widespread in the environment, including freshwater and marine ecosystems. They have diverse origins such as crude oil spills, natural oil seeps and organisms like plants, algae and bacteria [1] . These compounds represent a large pool of potential carbon and energy sources but their weak water solubility results in poor mass transfer to microbial cells. However, their biodegradation by micro-organisms is wellestablished. The bacteria that are able to metabolize them are collectively referred to as hydrocarbonoclastic bacteria (HCB) [2, 3] . To overcome the poor solubility of alkanes, HCB have developed two major strategies [4, 5] : (i) biofilm formation at the water-hydrophobic organic compound (HOC) interface [6] [7] [8] ; and (ii) biosurfactant production [9] . Biofilm formation on HOCs is thus recognized as an important strategy used by HCB to overcome the low solubility of their substrates. Indeed, it would permit direct contact between bacteria and hydrocarbons [10] and likely direct uptake from the hydrocarbon phase, although the latter hypothesis remains to be tested. In the case of Pseudomonas species [11] , direct internalization of biosurfactant-covered hydrocarbon droplets has been hypothesized. Regardless of the accession mechanism, alkanes are then utilized as a source of carbon and energy, or stored as lipid inclusions within cells. A number of species accumulate lipid inclusions, with various compositions [12] . The mechanism of lipid storage formation within prokaryotic cells is likely to involve the plasma membrane that initiates small lipid droplets, which conglomerate to form membranebound lipid pre-bodies. Thereafter, these lipids are released in the cytoplasm [12] .
Marinobacter species have been found in various marine environments, including pristine and oil-contaminated seawater, Arctic ice, deep-sea sediment and the subseafloor [13] [14] [15] [16] [17] . They belong to the HCB group and can participate in the recycling of HOC [18] . Among these, Marinobacter hydrocarbonoclasticus (Mh) strain SP17 was isolated from sediment of the Mediterranean Sea in the Gulf of Fos (French Mediterranean coast) [19] . Mh SP17 is known to utilise alkanes (C 8 to C 28 ), long-chain fatty alcohols and acids, wax esters and triglycerides as sole carbon sources. Mh SP17 forms biofilms at the HOC-water interface [20] [21] [22] in laboratory experiments performed at 30 C. At this temperature, growth on hexadecane involves an alteration of Mh SP17 physiology, as demonstrated by the global changes in gene expression profiles [22] [23] [24] .
Temperature is an important abiotic factor known to influence biofilm formation in some bacterial species [8, [25] [26] [27] . To our knowledge, the effect of temperature on alkane uptake has not been thoroughly investigated in Mh SP17. Most laboratory studies with Mh SP17 have been performed at 30 C, the optimum growth temperature [20, 22, 24] , but that is higher than the temperatures encountered in the Mediterranean Sea, where it can be as low as 10 C. The aim of this study was to determine the impact of temperature on biofilm formation and architecture as well as cell morphology during the growth of Mh SP17 derivative strains on alkanes. Two models of alkanes were chosen, hexadecane and paraffin, with solidifying points of 16 and 55 C, respectively.
METHODS
Bacterial strains and pre-culture conditions Strain JM1 is a spontaneous streptomycin-resistant mutant isolated from the original isolate Marinobacter hydrocarbonoclasticus SP17 ATCC 49840 [19, 23] . The MJ6-1 strain [23] is a fluorescent derivative of SP17 constructed by insertion of the mini-Tn7T-Tp-eyfp [28] . The strains were stored in 20 % glycerol in synthetic seawater (SSW) [19] at À80 C. They were pre-cultivated for 1 day in SSW supplemented with 20 mM lactate (lactate SSW; 30 C, orbital shaking at 180 r.p.m.). They were then diluted at 2 % (v/v) in fresh lactate SSW and grown in the same conditions overnight.
Biofilm growth
Bacterial cells were harvested by centrifugation (10 000 g, 20 C, 15 min), washed once and diluted to a final optical density at 600 nm (OD 600 ) of 0.01 in SSW. Lactate (20 mM) or hexadecane (2 % v/v) were added directly to the cell suspensions, whereas the paraffin was used as thin strips (cut with microtome at 15 µm thickness) and stuck on solid supports by heating (10 min at 45 C). Cultures were grown at 10 or 30 C in static conditions in flasks or plates depending on the downstream analyses. Thereafter, biofilms were quantified by crystal violet staining assay or observed and analysed by using microscopy techniques.
Crystal violet staining assays
The MJ6-1 biofilms were first grown as described above in Bioscreen microplates (Labsystems, France) for up to 20 days. The Bioscreen microplates are specifically designed to avoid evaporation during long experiments. Samples were sacrificed at each time point. The biofilms were stained by crystal violet (0.2 % v/v) and then washed three times with deionised water. The residual crystal violet was solubilized with an ethanol solution (50 %). Then, the absorbance was read at 600 nm on an automated Bioscreen C analyser (Labsystems), after dilution when necessary, and is referred to as CV OD600 in the text. Nine wells were measured for each data point (three replicates of three independently grown cultures). Three wells per plate containing noninoculated medium were used for blank subtraction.
Scanning electron microscopy (SEM) MJ6-1 bacteria cells were inoculated and grown as described above in 24-well plates containing aluminium solid supports. After incubation (5 and 14 days at 30 or 10 C, respectively), samples were fixed in 0.15 M cacodylate buffer containing 2.5 % (v/v) glutaraldehyde (pH 7.4) for 1 h at room temperature followed by overnight incubation at 4 C. Samples were then washed three times for 5 min with 0.15 M sodium cacodylate buffer. Samples were dehydrated with increasing concentrations of ethanol at room temperature (50 % v/v for 30 min, then 70, 90 and 100 % (twice) v/v for 10 min at each step). Samples were critical-point dried (Quorum Technologies K850, Elexience, France) at 75 bar and 37 C with liquid CO 2 as the transition fluid and then depressurized slowly (400 cm 3 min
À1
). Each aluminium support carrying the sample was mounted on an aluminium stub with double-sided tape. Samples were sputter-coated (Polaron SC7640, Elexience) in Ar plasma with Pt (approximately 30 nm thick) at 10 mA and 0.8 kV over a duration of 200 s. Observations were performed in a field-emission SEM S4500 (Hitachi, Japan) in high vacuum, with a low secondary electron detector, at 2 kV and 16 mm working distance. The sample holder tilt was 45 C.
Transmission electron microscopy (TEM) JM1 biofilms were inoculated and grown on paraffin in Petri dishes as described above. TEM experiments were performed on the total bacteria (i.e. both planktonic bacteria detached from the biofilm and biofilm-embedded bacteria) or only on in situ structured biofilm. The total bacteria were collected and pelleted at 3 200 g for 10 min at room temperature. Thereafter, bacteria were fixed for 1 h at room temperature and overnight at 4 C in a 0.15 M cacodylate buffer containing 2.5 % (v/v) glutaraldehyde (pH 7.4). After washing three times for 5 min with 0.15 M cacodylate buffer, the bacteria were post-fixed for 1 h in 1 % (v/v) osmium tetroxide in 0.15 M cacodylate buffer (pH 7.4) and washed twice for 10 min with distilled water at room temperature. For the in situ structured biofilm cells, the samples were prepared and observed according to the method described by Canette et al. [29] . Briefly, the fixation was performed as described above, directly on the biofilm-embedded cells after removal of the culture medium. The fixed biofilm was then pre-embedded in a 2.5 % agarose solution maintained above its gelling point at 50
C. The agarose layer with the sample was detached from the paraffin and cut into small pieces, taking care to maintain its orientation. Thereafter, the fixed cells (agarose-embedded or not, depending on the sample) were dehydrated in an ethanol series [30, 50, 70, 90 and 100 % (twice) v/v, 10 min for each step]. For the total bacteria samples, we added a 10 min intermediate bath in propylene oxide before the next step. Then, bacteria were impregnated at room temperature in successive mixes of EPON resin/ethanol (for the in situ structured biofilm) or EPON resin/propylene oxide (for total bacteria): 1 : 2 for 20 min; 1 : 1 overnight; 2 : 1 for 1 h; twice in pure EPON for 1 h. The polymerization was induced by incubation for 17 h at 60 C. Ultrathin sections of 90 nm were cut with an ultramicrotome (OMU3, Reichert, Germany) and deposited on 200 mesh copper grids. Sections were stained for 30 min in oolong tea extract [0.05 % (w/v) in distilled water (Eloïse, France)]. Samples were observed at 75 kV with an H-600 TEM (Hitachi, Japan) equipped with a 1024Â1024 pixel format Orca charge-coupled device camera (Hamamatsu, Japan) driven by AMT Image Capture Engine software (version 5.42).
Confocal laser scanning microscopy (CLSM) MJ6-1 biofilms were inoculated and grown on paraffin in Petri dishes as described above. The paraffin thickness (15 µm) permitted the observation of the biofilms directly through the paraffin on a motorized stage of an inverted Leica TCS SP8 AOBS confocal microscope (Leica Microsystems, Germany) using a 40Â water immersion optical lens with a free working distance of 3.3 mm (HCX APO L, 0.80 NA, W U-V-I, Leica, Germany). Yfp produced by bacteria was excited at 488 nm using an argon laser (30 % intensity, acoustico-optical tunable filter at 5 %) and the emitted fluorescence was recorded between 520 to 600 nm with a HyD detector with the gain set at 70 %. Four stacks of xy images with a z-step of 1 µm were acquired for each sample at 600 Hz speed. Projections of surface-associated bacteria were reconstructed from z-series images using the Easy 3D function (in blend mode) of IMARIS 7.7.2 software (Bitplane, Switzerland). Biovolumes were calculated with the Surpass function of IMARIS 7.7.2 and the Batch Coordinator 1.1.1 software extension. To calculate substratum coverage on paraffin, images were analysed with a homemade Java script [30] executed by ICY, an open-source image analysis platform [31] .
To observe lipid inclusions and measure the bacteria lengths, biofilms of JM1 were grown on thin strips of paraffin stuck on microscopic slides within a Petri dish. Following growth, biofilms were stained with the red nucleic acid dye, Syto61 (1 : 1000) and the green lipophilic dye BODIPY (0.05 mg ml À1 S-11343 and D-3922, respectively, Life Technologies, France) and observed upside-down under the CLSM. Bacteria lengths or diameter were measured on the Syto61 or BODIPY channel, respectively, by using Leica software LAS AF 3.2 on 50 cells from three images for each condition. Single focal plane images were processed using Fiji [32] (https://fiji.sc/) to merge channels, make scale bars and calculate lipid inclusion areas (using watershed segmentation on binarized images).
Statistical analysis
Analyses of variance (ANOVA) were performed using Statgraphics software (Manugistics, Maryland, USA). P values tested the statistical significance of each of the factors by means of F tests. When P values were less than 0.05, these factors had a statistically significant effect at a 95 % confidence level. Student's t-test was used for bacteria length comparison.
RESULTS AND DISCUSSION
Among several factors, the temperature appears to be the most impacting factor for biofilm production by Mh A preliminary study was performed to point out important factors for MJ6-1 biofilm production on insoluble substrates. We first tested the impact of the cell density (OD 600 =0.1 or 0.01), the physiological state of the inoculum (exponential growth or stationary phase), the NaCl concentration (0.2 M NaCl, the usual concentration reported in the literature or 0.6 M to be closer to the seawater salinity) and the temperature (20, 25 or 30 C) on the biomass production as a biofilm after 48 h of incubation, using crystal violet staining. The cell density and the growth phase of the inoculum had no significant impact on biofilm production (Table 1 -First set of experiments). As such, they underwent no further consideration and were set at the values indicated in the Methods section. The salinity and temperature did influence biofilm formation. Growth under 0.6 M salinity (CV OD600 =1.57) or at 20 C (CV OD600 =1.56) significantly increased (P<0.05) biofilm formation compared to growth at 0.2 M salinity (CV OD600 =0.97) or at 30 C (CV OD600 =0.90 Table 1 -First set of experiments). As the Mediterranean Sea has an average temperature lower than 20 C, in a second set of experiments, we tested the impact of lower temperature of incubation (10, 15 and 20 C) at salinities of 0.2 or 0.6 M on the biofilm biomass after 7 days. Surprisingly, we observed increased biofilm formation at 10 C (CV OD600 =3.39) in relation to 15 C (CV OD600 =2.28) and 20 C (CV OD600 =1.83), whereas the salinity had no significant impact at these temperatures (Table 1 -Second set of experiments).
As such, from this preliminary study, the temperature appeared to be a critical environmental factor for Mh biofilm formation. We therefore decided to focus on the effect of temperature by comparing biofilm growth at 10 or 30 C on the non-soluble carbon sources hexadecane (solid at 10 C and liquid at 30 C) or paraffin (solid at both temperatures). Lactate was employed as a control soluble carbon source. The salinity, having no impact at low temperature, was set at 0.2 M NaCl, as in most of published reports [20, 22, 24] .
Growth temperature influences biofilm formation and spatial organization on alkanes We determined the kinetics of biofilm formation by MJ6-1 on hexadecane and paraffin at 10 and 30 C by crystal violet staining. Mh only produced a large amount of biofilm when grown at 30 C with paraffin and at 10 C with paraffin or hexadecane (Fig. 1) . On hexadecane, biofilm overproduction at 10 C in comparison with 30 C was transient, implying a decrease in biomass that could be linked to cell detachment or biofilm shedding after 14 days. Although biofilm formation was previously shown to be essential for Mh SP17 hexadecane uptake [20] , we can speculate that cells detach continuously from the biofilm, which remains thin. In agreement, Klein et al. [20] showed that cells of Mh SP17 came off the biofilm when grown on hexadecane at 30 C. In addition to detachment, the difference in biofilm formation on hexadecane between 30 and 10 C could be attributed to varying degrees of adhesion resulting from differences of the physical state of the substrate (either liquid or solid depending on the temperature). Planktonic growth on lactate as a substrate was faster at 30 C than at 10 C, but the yield of cells was similar in both conditions (Fig. S1 , available in the online Supplementary Material). These results strongly suggest that the differences in biofilm formation observed when the bacteria are grown in the presence of hexadecane substrate are unlikely to be due to a faster growth.
On paraffin, the biofilm formation was delayed at 10 C compared to 30 C but, once initiated, the biofilm formation rates and yields were similar at both temperatures. This indicates that Mh cells in biofilm have good access to paraffin at all tested temperatures. The observations concerning the biofilm production on paraffin were confirmed by CLSM experiments. According to the values of biofilm biovolume, the decrease in temperature delayed the biofilm formation and once the biofilm became established, the number of total cells embedded was stable (Table 2) . Moreover, a difference in the structure of the biofilm resulting from growth temperature was observed. The biofilm was found to be less compact (Fig. 2 ) when developed at 30 C versus 10 C, in agreement with a lower substrate surface coverage for an equivalent cell biovolume (Table 2) .
Growth temperature influences matrix production and the size and shape of biofilm cells The influence of temperature on some characteristics of MJ6-1 biofilm was first investigated by SEM experiments on 14-day-old biofilms grown at 10 C (corresponding to the peak of biofilm production on hexadecane) and 5-day-old C (corresponding to a late-grown biofilm at 30 C, as illustrated by the steady state obtained on paraffin). Mh did not produce a matrix when grown on lactate, whereas it produced a light visible matrix when grown at 10 C on both alkanes (Fig. 3) . The largest amount of extracellular matrix was clearly obtained with both alkanes at 30
C. In the case of the paraffin substrate, the matrix can explain the difference in the biofilm structure between 10 C (more compact) and 30 C ( Table 2 , Fig. 2 ). Consistently, it was shown that the extracellular matrix of biofilm of Mh SP17 grown on alkane at 30 C is largely composed of proteins that are mandatory for biofilm formation and alkane utilization [33] . The biofilm extracellular matrix is viscoelastic gel, the composition and mechanical properties of which can vary greatly according to environmental factors, including temperature [34] . Also, a correlation between increased matrix production and temperature is sometimes observed for biofilms formed on inert surfaces [35] . During HOC uptake, the matrices are important as they may perform several roles: (i) they can enable adhesion of the biofilms to the nutritious interface; (ii) they can accumulate biosurfactants that contribute to hydrocarbon uptake by substrate emulsification or pseudo-solubilization [11] ; and (iii) they can limit the diffusion of nutrients to biofilm-embedded cells. It can be noted that the level of biofilm produced and the accumulation of lipid storage inclusions, likely occurring during nutrient limitation, were found to be independent of the presence of an extracellular matrix as visualized by SEM. The morphology of biofilm-embedded cells also varied according to the substrate and the temperature (Fig. 3) . Bacteria appeared crumpled when grown at 30 C but not at 10 C, suggesting that the external membrane of Mh could have different properties depending on the temperature. It is well-known that bacteria may adapt the fatty acid and protein composition of their membrane in order to maintain its fluidity and exchanges [36] . When grown on solid hydrocarbon (hexadecane at 10 C or paraffin at both temperatures), Mh exhibited a swollen appearance. This was not observed when bacteria were grown either on lactate at both temperatures or at 30 C on hexadecane. This could be in relation to the fact that Mh SP17 can store lipids within intra-cytoplasmic inclusions [20] . When cells were grown at 30 C with hexadecane as the sole carbon source, they frequently presented visible hollows at their surface. In the case of Pseudomonas, similar images were interpreted as a disruption of the surface membranes [37] , allowing the internalization of small biosurfactant-covered hydrocarbon droplets [11] .
Finally, according to SEM observations, the bacteria appeared elongated when grown at 10 C. The temperaturedependent length of Mh SP17 was confirmed by CLSM experiments on the JM1 strain, where cells were observed directly without dehydration. The rod-shaped bacteria were longer when grown at 10 C (lengths 5.00±0.07 and 3.87 ±0.07 µm) compared to 30 C (lengths 3.48±0.2 and 3.04 ±0.06 µm) for lactate or hexadecane as the growth substrate, respectively. When grown on paraffin, bacteria appeared as rods when grown at 10 C (length 3.39±0.07 µm), whereas they were ovoid when grown at 30 C (max length 3.70 ±0.10 µm). The greater size at lower temperature was previously observed in the literature [38] , and can be correlated to the increase of adherence ability with lower temperature, as observed, for example, for a Pseudomonas strain grown on liquid eicosane [39] . Thus, a low temperature may facilitate adhesion to the interface, resulting in an increase in the surface-exchange area and a compensation for the decrease of temperature-dependent nutrient uptake. The biovolume and the substrate coverage were performed as described in the Methods section. Mean±SD of four results. C from confocal laser scanning microscopy zstack images. The images are representatives of three biological replicates in which we analysed four z-stack images. When applicable, the virtual shadow projection is presented on the right. The grey bar represents 50 µm.
Growth temperature influences carbon storage TEM observations were performed on bacterial sections in the different growth conditions to determine whether the blisters observed on cells when grown on solid hydrocarbons were related to intra-cytoplasmic inclusions. The whole population (i.e. biofilm-embedded cells and planktonic cells) was first analysed in mixture as described in the Methods sections. At 10 C, large amounts of circular and fibre-shaped inclusions were observed in hexadecane-and paraffin-grown bacteria as compared to the small amount of circular inclusions from lactate-grown cells (Fig. 4) . In bacteria grown at 30 C, we observed increasing amounts of inclusions on lactate-grown cells, followed by hexadecane-and, lastly, paraffin-grown cells with the latter being similar to the amount observed at 10 C on hexadecane-and paraffin-grown bacteria. In addition, we observed a few electron-dense granules, especially when bacteria were grown on hexadecane at 10 C (Fig. 4 ). Similar granules, described as polyphosphate granules, have already been observed in marine bacteria [40] . An increase in lipid inclusions was generally found in previous studies with a decrease in growth temperature. For example, two isolates of Pseudomonas synthesized and accumulated more polyhydroxyalkanoates at 4 C than 20 C when grown on a soluble substrate, likely due to modifications in enzyme metabolism [40] . Another Pseudomonas strain exhibited higher wax ester accumulation when grown on liquid eicosane at lower temperature [39] , concomitantly with a higher cell adhesion capacity. Our findings indicate that Mh follows this general trend, but they also point out that conditions leading to the highest lipid accumulation are the same as those leading to higher biofilm formation. Klein et al. [20] hypothesized that biofilm promotes carbon access on the one hand, but also limits the diffusion of nutrients from the aqueous medium on the other hand. As unfavourable growth conditions, such as nitrogen limitation, are known to enhance intra-cytoplasmic lipids accumulation [12, 41] , the biofilm would result in an excess of carbon, stored as cytoplasmic inclusions. In our study, the smaller amount of lipid inclusions observed within cells on hexadecane at 30 C is in agreement with the hypothesis of a continuous renewing of biofilms and with an absence of nutrient limitation within thin biofilm. In addition, detached cells may quickly consume their intra-cytoplasmic lipid stores, as observed for nutrient-limited cells of Rhodococcus [42] . Vaysse et al. [24] showed that Mh SP17 cells, dispersed from a hexadecanesupported biofilm, exhibited a strongly different protein profile compared to biofilm cells and rapidly degraded intracytoplasmic wax ester inclusions that were accumulated during sessile growth. This was correlated to an increased ability of detached cells to reinitiate a new biofilm formation cycle.
The shape of the bacteria cells and the inclusions were also observed by CLSM using double-fluorescent staining with BODIPY and Syto61 for biofilm-embedded cells grown at 30 C on paraffin (Fig. 6) . The BODIPY staining of the inclusions showed that they contained lipid, most likely wax ester, as reported in the literature [20, 43] . After one day, the bacteria were rods with small lipid inclusions. Over time, the lipid inclusions grew, as confirmed by the measurement of the lipid inclusion areas (Fig. 5) . The mechanism for the formation of lipid storage within prokaryotic cells is described by small lipid droplets that merge to become membrane-bound lipid pre-bodies before being released in the cytoplasm [12] , which could explain the cell enlargement. As a consequence, the shapes of the bacteria were modified. Conversely, the growth on paraffin enlarged the cells at 30 C, probably because of a significant intracellular accumulation of lipids, resulting from an imbalance between a rapid substrate uptake and its low metabolization. To further observe cell inclusions and their repartition in cells throughout the biofilm depth, a TEM experiment was performed on the in situ biofilm-embedded cells in the case of paraffin incubated at 30 C (5 days), which produced the highest matrix level and the most cohesive biofilm. Cells appeared more densely packed at the bottom of the biofilm (Fig. 6) . Cells with several fibre-like or round inclusions (as observed in Fig. 4) were found throughout the depth of the biofilm and large cells filled with inclusions were observed at the surface. The matrix is likely filling (at least partially) the spaces between cells observed in the structured biofilms.
Conclusion
This study provides evidence for temperature being an important factor in the Mh adaptation for hydrocarbon uptake. The temperature impacted on the biofilm lifecycle (formation/maturation/detachment) of Mh on alkanes in relation to the carbon source properties (solid or liquid). Moreover, it impacted on both the bacterial cells of the biofilm (length, shape and lipid inclusions) and the matrix production. Part of the observed effects of temperature can most likely be linked to its influence on the physical state of the substrate/substratum. Independently of the temperature, biofilm formation was shown to be mainly for solid hydrocarbon degradation. On the whole, Mh is able to adapt and use alkanes as a carbon source when liquid or solid, and under low and intermediate sub-sea water temperature. This opens the way for further studies to decipher the exact mechanisms of alkane uptake in order to use Mh and its relatives in bioremediation of polluted areas.
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